A new method for biomolecular patterning based on ion irradiationinduced graft polymerization was demonstrated in this study. Ion irradiation on a polymer surface resulted in the formation of active species, which was further used for surface-initiated graft polymerization of acrylic acid. The results of the grafting study revealed that the surface graft polymerization using 20 vol % of acrylic acid on the poly(tetrafluoroethylene) (PTFE) film irradiated at the fluence of 1 x 10 15 ions/cm 2 for 12 h was the optimum graft polymerization condition to achieve the maximum grafting degree. The results of the fluorescence microscopy also revealed that the optimum fluence to achieve the maximum fluorescence intensity was 1 x 10 15 ions/cm 2 . The grafting of acrylic acid on the PTFE surfaces was confirmed by a fluorescence labeling method. The grafted PTFE films were used for the immobilization of aminefunctionalized p-DNA, followed by hybridization with fluorescently tagged c-DNA.
INTRODUCTION
Patterning of biomolecules onto solid surfaces such as glass, silicon and polymers, is essential to a variety of applications including biosensors, tissue engineering and fundamental biological studies. 1-3 Most industrial polymers have drawn great attention for these applications due to their mechanical, thermal, and chemical stability, and low production cost as well as their excellent processing properties. However, many of the polymers' surface properties such as biocompatibility are not suitable for their biological applications. Therefore, surface modification of polymers has been widely studied for those applications using physical and chemical processes.
Surface grafting is one of the attractive methodologies due to its many advantages including an easy and controllable introduction of grafted chains with a high density and an exact localization of grafted chains to a surface without affecting the bulk properties. [4] [5] [6] [7] Surface grafting can be done by several methods including UV radiation, use of chemical initiator, plasma treatment and high energy radiation (γ-rays, ion beams, or electron beams). Among them, high energy radiation-induced graft polymerization is a well-established technique that does not require any initiators. A well known effect of a polymer irradiation with high energy radiation is the creation of active species such as radicals and peroxides which can induce graft polymerization of functional monomers. 8, 9 Several micro-to nano-fabrication techniques such as photolithography, laser photoablation, soft lithography and electron beam lithography have been used to pattern biomolecules on various polymeric substrates. [1] [2] [3] [4] [5] [6] [7] [10] [11] [12] [13] [14] [15] [16] Recently, patterned grafting of functional monomers on flexible polymeric substrates using electron beams, X-rays and extreme UV has been reported. [17] [18] [19] [20] However, biomolecular patterning on a polymeric substrate via ion irradiation-induced graft polymerization has rarely been carried out so far. 21, 22 Ion irradiation has several advantages: (i) modification is surface-specific without detrimentally affecting the bulk properties; (ii) it is a controllable, reproducible, clean and low temperature process; and (iii) the projected depth and ion fluence of the irradiated region can be accurately selected. [23] [24] [25] The major methods for immobilizing biomolecules onto a polymer surface are physical adsorption by electrostatic forces on charged surfaces or by hydrophobic interactions, physical entrapment, receptor/ligand pairing (molecular recognition), and covalent immobilization. Among them, covalent immobilization is a robust approach that offers several advantages by providing the most stable bond between a biomolecule and a functionalized polymer surface. [4] [5] [6] [7] 26, 27 In this study, we developed a new surface patterning method which is capable of creating desired patterns via ion irradiation-induced graft polymerization. This method could be useful in bio-electronics, bio-mimetic material fabrications, cell growth control and drug delivery. A variety of desired functional groups including carboxylic acid, amine, alcohol, aldehyde, etc., can be patterned on the surface of polymers using this method. These functional groups can be further used to covalently immobilize various biomolecules. The surface functionalization and surface property were investigated by using X-ray photoelectron spectroscopy (XPS), attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) and fluorescence microscopy.
EXPERIMENTAL

Materials
Poly(tetrafluoroethylene) (PTFE) films (200 μm thickness) were purchased from Hanmi Rubber and Plastics Company. Acrylic acid, Mohr's salt ((NH 4 ) 2 Fe(SO 4 ) 2 ), 1-ethyl-3-(3dimethylaminopropyl)carbodiimide hydrochloride (EDC), Toluidine Blue O (TBO), and N-hydroxysuccinimide (NHS) were purchased from Aldrich Company and used as received. Fluoresceinamine (FA), N,N'-dicyclohexyl carbodiimide (DCC), and N,N'dimethylformamide (DMF) were supplied from TCI Company (Japan). Other chemicals are reagent grade and used without further purification. All the oligonucleotides used in this study were purchased from Genotech Company (Korea). The oligonucleotide that has an amino group at its 3' position with the sequence 5'-CGACCACTTTGTCAAGCTCA-NH 2 -3' was used as probe-DNA (p-DNA) and the oligonucleotide that has been labeled with Cy5 at the 3' position with the sequence 5'-TGAGCTTGACAAAGTGGTCG-Cy5-3' was used as a complementary-DNA (c-DNA).
(+)-Biotinyl-3,6,9-trioxaundecanediamine (biotin-amine) and fluorescein isothiocyanate-tagged streptavidin (SAv-FITC) were purchased from Pierce Company (USA).
Ion Irradiation-Induced Graft Polymerization
PTFE films were washed with ethanol and dried under a vacuum prior to use. Ion irradiation was executed by using a 300-keV ion implanter in the Advanced Radiation Technology Institute (ARTI), Korea. The films were irradiated through a pattern mask (SUS, 40 μm square space) at room temperature with 150 keV Ar ions at fluences ranging from 1 x 10 14 to 1 x 10 16 ions/cm 2 . The pressure in the implanter's target chamber was 10 -5 to 10 -6 Torr and the ion beam current density was kept at about 0.5
μA/cm 2 to prevent a thermal effect on a specimen. The irradiated films were kept in air 6 for a day at room temperature.
For graft polymerization, the irradiated films were positioned in polymerization tubes containing an aqueous solution of 10 to 80 vol % acrylic acid, 0.2 M H 2 SO 4 and 0.1wt % Mohr's salt, and then were purged with nitrogen gas for 30 min to remove oxygen. The tubes were placed in a constant temperature water bath at 65 °C for 3 to 48 h. After grafting reaction, the films were thoroughly washed with water to completely remove the homopolymer and the unreacted monomer. The poly(acrylic acid) (PAA)grafted PTFE films (PTFE-g-PAA) were then dried under a vacuum at 50 °C.
Surface Characterization
The grafting degree of the grafted PAA onto the PTFE films was measured by the colorimetric method with a TBO staining method reported in the literature. 28, 29 The 
Fluoresceinamine Immobilization
The PAA-grafted PTFE films were labeled with FA using a well-known procedure. 30 The grafted films were soaked in a solution of DCC (95.04 mg) dissolved in DMF (4 ml) and then incubated for 2 h at room temperature. Subsequently, a freshly prepared solution of FA (79.99 mg) in DMF (4 ml) was added to the above solution containing the grafted films. The reaction was carried out in darkness at room temperature for 12 h.
Then, the FA-labeled PTFE films were washed thoroughly with DMF.
DNA Immobilization
Biomolecules such as DNA and protein were immobilized on the PAA-grafted PTFE films by a similar method published in our previous papers. 31, 32 To immobilize the p- x SSPE for 5 min and finally with 1 x SSPE for 5 min.
Protein Immobilization
Immobilization of biotin on the PAA-grafted PTFE films was done in a similar manner to that of the p-DNA. The PAA-grafted PTFE films were immersed in a solution containing 15 mM NHS, 45 mM EDC and 10 mM biotin-amine overnight at room temperature. The films were then rinsed well with copious amounts of deionized water.
The prepared biotin-immobilized PTFE films were subsequently incubated with SAv- 
Fluorescence Microscopy
For fluorescence microscopy, the prepared samples were mounted on the glass slides and the fluorescence images were obtained using an Olympus BX61 fluorescence microscope. The graphs for fluorescence intensity were drawn with the ImageJ software from the original images without further treatment.
RESULTS AND DISCUSSION
Ion Irradiation-Induced Graft Polymerization
The schematic representation of the patterning process used in this study is shown in Scheme 1. The PTFE films were irradiated through a pattern mask with Ar ions at an energy level of 150 keV in order to selectively generate the active species such as radicals, peroxides, or hydroperoxides (Supporting Information). Acrylic acid was then selectively graft-polymerized onto the irradiated regions of the PTFE surface. These PAA-grafted regions were utilized for further immobilization of biomolecules.
<Scheme 1>
The surface-initiated graft polymerization of acrylic acid on the PTFE film was carried out under various conditions to optimize the surface graft polymerization. The grafting degree of PAA grafted onto the PTFE surface was measured by a TBO staining-based colorimetric method. Figure 1 shows the effect of fluence on the grafting degree. The grafting degree increased up to 4.2 μg/cm 2 with increasing fluence up to 1 x 10 15 ions/cm 2 , above which it decreased. This result could be explained by the fact that the ion irradiation at a fluence up to 1 x 10 15 ions/cm 2 properly generated the active species such as peroxide or hydroperoxide on the surface due to oxidation caused by chemical reaction between the generated radicals during irradiation and the oxygen in the air after being exposed to the air, but carbonization by deflourination predominantly occurred at a higher fluence. 33 <Figure 1> Figure 2 shows the effect of acrylic acid concentration on the grafting degree. The grafting degree showed a characteristic behavior with increasing acrylic acid concentration. The grafting degree increased with increasing concentration of acrylic acid up to 20 vol % beyond which it slightly reduced. The greater the monomer concentration, the more monomers will diffuse into the grafting site. However, the already-grafted chains decrease the mobility of the active grafting sites. Therefore, the amount of homopolymers increases with monomer concentration. The viscous solution prevents diffusion of acrylic acid to a graft site and thereby decreasing the concentration of acrylic acid available for the grafting reaction, resulting in reduction of the grafting degree in this system.
<Figure 2>
The influence of grafting reaction time on the grafting degree was also investigated and the results are shown in Figure 3 . It can be seen that the grafting degree initially increased with increasing grafting reaction time and then reached a plateau after 12 h.
This result can be interpreted as follows. 34 With increasing reaction time up to 12 h, the graft polymerization of acrylic acid initiated by the radicals generated from the active species such as peroxide and hydrogen peroxide on the irradiated PTFE surface was predominant, resulting in an increase in the grafting degree. However, for the reaction time above 12 h, the grafting degree was not much improved because all the formed peroxides on the PTFE surface were almost consumed and the monomers were almost polymerized after the certain grafting time. From these data, it is evident that the surface graft polymerization with 20 vol % acrylic acid on the PTFE irradiated at a fluence of 1
x 10 15 ions/cm 2 for 12 h provided the maximum grafting degree in this system.
<Figure 3>
The chemical structural changes in the PTFE surface after irradiation and graft polymerization were investigated by ATR-FTIR analysis. Figure 4 shows the ATR-FTIR spectra of the control, irradiated PTFE films at a fluence of 1 x 10 15 ions/cm 2 and the PTFE-g-PAA film with the grafting degree of 4.2 μg/cm 2 . As shown in Figure 4a , the characteristic peaks of the control PTFE were identified at 1161 and 1241 cm -1 corresponding to the stretching vibration of -CF 2 . After ion irradiation, the absorption bands corresponding to hydroxyl or hydroperoxide and carbonyl groups were observed at 3450 and 1720 cm -1 in Figure 4b , respectively, indicating that the PTFE surface was effectively activated by oxidation and deflourination caused by ion irradiation. 35 ATR-FTIR spectrum of the PAA-grafted PTFE film in Figure 4c shows that new characteristic peaks of the carbonyl and hydroxyl groups arising from the carboxylic acid groups of the PAA chains appeared at 3140 and 1710 cm -1 , respectively.
<Figure 4>
In order to further confirm the chemical changes of the PTFE surface after ion irradiation and graft polymerization in detail, XPS analysis was performed and the results are presented in Figure 5 -7. Figure 5 shows the C1s spectra of the control and irradiated PTFE films at fluences of 1 x 10 14 , 1 x 10 15 , and 1 x 10 16 ions/cm 2 . As seen in 
FA Immobilization on the Micropatterns of PAA Grafted on the PTFE Surface
The micropatterns of PAA formed on the PTFE surface were identified by a fluorescent labeling method based on a DCC coupling by which the amino groups of FA should react with carboxylic acid groups via amide bond formation and the hydroxyl groups of FA should be mostly inert under these reaction conditions due to the use of DMF and water as solvents. 37 Figure 9 shows the fluorescence patterns of FA on the PAA-grafted PTFE surface prepared under different conditions. The fluorescent squares in the images correspond to the PAA-grafted areas on the PTFE surface. As shown in Figure 9a -9c, the resolved 40 μm square patterns of FA on the selectively PAA-grafted PTFE surface showed a tendency toward dependency on the grafting degree. Therefore, the most resolved 40 μm square patterns of FA were clearly observed on the patterns of the PAAgrafted PTFE surface with the highest grafting degree obtained at a fluence of l x 10 15 ions/cm 2 (Supporting Information).
<Figure 9>
DNA Patterning
PTFE has an advantage to be used for the biomolecular patterning study as it possesses less adhesion to biomolecules and therefore it could be possible to obtain minimal background signal. To show the applicability of our approach for biomolecular patterning, the micropatterns of PAA on the PTFE surfaces prepared at different fluences were utilized for the immobilization of the p-DNA followed by hybridization with c-DNA. The p-DNA has an amine functional group at its 3' position, which is linked to the carboxylic groups present on the PAA-grafted PTFE surfaces by amide bond formation using EDC/NHS coupling chemistry. 31, 32 Figure 10 shows <Figure 10>
Streptavidin Patterning
For streptavidin patterning, biotin-amine was immobilized initially in the PAA-grafted regions of the PTFE surface using the EDC/NHS coupling reaction similar to the DNA patterning. 31, 32 The biotin-amine was immobilized specifically in the PAA-grafted regions, whereas the non-implanted regions did not react with the biotin-amine.
Afterward, these biotin-immobilized PTFE films were immersed in a SAv-FITC solution that resulted in the specific binding of the SAv-FITC on the selectively immobilized biotin-amine regions due to the biotin/streptavidin specific binding. Figure   11 shows the resolved patterns of the fluorescently-labeled streptavidin on the biotin micropattern fabricated on PTFE surfaces under different conditions. Similar to the results of the FA labeling and the DNA patterning, well-defined streptavidin patterns were formed on the PAA-grafted PTFE surface obtained at a fluence of l x 10 15 ions/cm 2 due to the maximum grafting degree of the PAA on the PTFE. The successful DNA and streptavidin patterning with a minimal background noise proves the potential of this patterning method for biomolecular applications (Supporting Information).
<Figure 11>
CONCLUSIONS
In this study, we have demonstrated an efficient method for biomolecular patterning 
